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Abstract

It hm been kncnvn for some time now that when signals from a single source are
received at multiple antennas, these  antennas can be arrayed to enhance the quality of
the rcccivccl  signal. What has l.xxn relatively unknown, howcwcr,  is that the quality
of the combined signal critically depends on t]m arraying algorithm, as well as, the
characteristics of the transmitted signal. ‘1’his two part article dcscribck two arraying
techniques known as Full Spectrum Combining (FSC) and Ccnnplcx Symbol Combining
(CSC), and thcm compares thcm using signals whose characteristics represent those
from the Galileo spacecraft using its low gain antenna (at S-baud) at the time it
rcachcs  Jupiter. Various combinations of existing deep space antennas are used to
compare these techniques. This part of the article describes the FSC algorithm, and
then analyzes its performance. In the process, two mcasurcx of signal quality, symbol
signal-to-noise ratio (SNR) degradation and symbol SNR loss, are defined and their
app] icat ion discussed.

—
“The work desscribccl iI]–this  paper was carried out by the Jet Propulsion I,aboratory,  California institute

of Tcchno]ogy, under a contract with the National Aeronautics and Space Aclministration.
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1 Introduction

III clecp space colnll~~ll~icatic)]ls, combining signals from rnultip]c antcmnas is commonly

rcfcrrcd  to as arraying. Arrayil]gtccl]]~i(l~lcs  arc important bccausethey  can significantly

cnhancc  systcm  performance. For example, jf signal power-to-noise cicnsjty  ratio (P/No) js

a measure of systcm  performance, thcm the cffcctivc  l’/No  after  arraying should be ideally

equal to the sum of the P/N.’s corresponding to individual antennas. A typical arraying

dcsjgn trades complexity and gain (or inlprovcnmnt in systcm  pcrformancc).  A rrayjng  is an

attracti  vc option for conmuni  cation links operating near thrcsho]d.  For jnstance,  consjcler

the Galileo spacecraft which is currently on its way to Jupiter. ])UC to a malfunctioned high

gain antenna, Galileo must rely on its low gain S-band (2.2 to 2.3 GIIz)  mtcnna,  and a much

rcduccd  link margin, for data transmission to earth. ‘1’hc Calilco  S-band mission will employ

arraying, ~as we] 1 <OS otlhcr tcchniqum  such {IS suppressed carriers and data compression, to

improve its link margin and rnaximizc data rctunl. ‘J ‘hc current plan is to implmncnt  an

into-continental array between 70-111 and 34-111 antennas at complcxcs in Australia, Spain,

and the United States. Specifically, this article considers the following antenna combinations:

two 70-nl antennas; onc 70-m ancl onc 34-112 antenna;  onc 70-111 and two 34-nl  antennas; one

70-n2 and three 34-111 antennas; an(i four 34-m antennas. l’;vcn  when col?~lll~l]~icaticJl~  links

arc opcrati  ng above threshold, arraying is an economically attractive means of increasing

the scientific return of a mission without having to Luil(i larger more expensive antennas.

Smaller, incxpcnsiw  antcnncas  can bc built  at ICSS cost than a single large antcnni,  but with

at lccwst  an cquivakmt  performance after proper arraying.

l’arts onc and two of this article describe two al~tcll~~a-alrayil~g  techniques for the Calilco

S-band missjon. ‘J’he first, l~ull-Spectrum Combining (FSC),  was chosen based on a previous

study [1] that compareci sevcra] antenna-arrayhlg technjqucs,  and showed that F’SC resulted

in the least degradation for weak signals. ‘J’hc second, which hasn’t been considered before,

is the Complex SymbcJ  Combining (CSC) technique which is a viable alternative bccausc  of
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the recent use of all-cligital  rcccivms in NASA’s deep space col~ll~l~lllicatiol~s  network [2]. The

FSC technique cliscusscd in part I of this article is depicted in Fig. 1 (a). As shown, in FSC the

rcccivcd radio frcqucmcy (1 W’) signal at each antenna is down convcxtml  to an intermediate

frcclucncy  (IF), transmitted to a central location where it is aligned and combined with

signals from other antennas, and then demodulated by a sing]c  receiver chain. ‘l’he chain

consists of one carrier loop, one subcarricr  loop, onc symbol synchronization loop, and one

matchccl filter. ‘1’hc lW’/IY’  downconverter  is assumccl to output a complex IF signal (two IF

signals that arc orthogonal) denoted by the double lines in l’ig. 1(a). ‘J’he processing needed

to align and combine the IF signals is shown in Fig. 1(L) for an array of two-antennas. ‘J’hc

details of this scheme arc discussed in the section on I“SC performance. ‘J ‘hc CSC tcchniclue

is discussed in part 11 of this article.

1 ‘art 1 has two objectives: the first is to Mcfly  dcscribc  the performance of FSC in terms

of SN1 t degradation, the measure of signal quality used in [1]; the second is to cxtcn d the

results of [1] by evaluating the IWC performance in terms of SNR loss, which is always a

mom prcci se measure of signal quality. Symbol SAT] L degradation is dcfincxl .as the ratio  of the

SNR at the matched fi]tcr output in the prcscncc  of non-ideal synchronization to the SNR in

the prcsmce of ideal synchronization. On the other hand, symbol SNI{ loss is defined as the

additional symbol SNR nccdcd in the presence of jmpcrfcct  synchronization to achieve the

same symbcd error rate (SJW) as in the prcscncc of perfect synchronization. Mathematical

rcprcscntations  of clcgrada.tion  and loss arc given in the next sccticm. Comparatively, the loss

gives the absolute performance while degradation gives the relative performance advantage

of an arraying scheme. Mcmcovcr,  since the calculation of degradation is lCSS demanding

than computation of loss [3], it is the preferred calculation method at low symbol SNRs

where it is approximately equal to loss. In the next section, the clcgrac]ation  and loss for

a singjc antenna are clerivccl;  mu] ts from this section arc, consequently, used to derive the

degradation and loss for FSC, and illustrated via various numerical examples.
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2 Single Receiver Performance

in clccp space communications, the clownlink  symbols arc first modulated onto a square-

wavc subcarricr;  the modulated subcarricr  then modulates an RTJ carrier [4]. This allows

transmission of a residual carrier component whose frequency docsn’t  coincide with the data

spectrum. At the receiver, the deep-space signal is demodulated using a carrier-tracking

loop, a subcarrier-tracking  loop [5], and a symbol-synchronizer loop [6] as shown in Fig. 2.

l)cpcnding  on the modulation inclcx, carrier tracking can bc achicvcd by a phase-locked loop

(1’1,1,), Costas  loop, or both [7]. ‘1’hc 1’1,1,  or a combination of loops is used for modulation

indices ICSS than 90 degrees whereas a Costas  loop is used when the modulation index is equal

to 90 dcgrccs. ‘l’he deep space signal with the carrier fully supprcsscdl  can bc rcprcscntcd

cm [8]

r(~) = @d(t) Sqr(ti,Ct  -1- 0..) cos(@ -1 0.) -1 7i(t) (1)

where 1’ is the rcccivcd flat a power in Watts (W); LOC and OC arc the carrier angular frequency

in radians pcr scconcl (rads/see) and ph,asc in rads, rcspcctivcly;  and Sqr(wSCt -I OSC) is the

square-wave subcarricr  with subcarricr  angular  frequency W.C in rads/scc  and subcarricr

phase O~C in rads.  ‘1’he symbol stream, d(t), is given by

where dk is the +1 binary data for the k~}’ symbol ,and Y‘ is the symbol period in seconds.

The baseband pulse, p(t), is unit power and limited to 7’ seconds. ‘1’hc narrow-band noise

n(t) can bc written as

n(t) =-= tin.(t) cos(w.i -1- 0.) – ti71$(t) sin(w.t  + 0.) (3)

where nC (i!) ancl n~ (t) are statistically inclcpcndcnt,  stationary, band-ii mitccl, white Gaussian

noise proccsscs  with one-sided spectral dcnsit  y level No (W/1 Iz) and one-si cled bandwidth

] ‘J’his article considers the Galileo S-Ihmcl  scenario in which the carrier is fully supprcsecl.
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W,, (IIz),  which is large compared to $.

the output of the matched filter in Fig. 2

{

@CCC8Cdk
Vk ,,

W%cc.c(l

After signal demodulation,

can be written as [8]

+ Ilk dk = dk-1

k’l)d~-{n,k dk#d~-1— IT

the symbol stream at

(4)

where the noise ?lk is a ~ aussi an random variable with variance u,~2  == #. T’hc s i g n a l

reduction functions C’C and C*C arc duc to imperfect carrier and subcarrier  synchronization

and arc given by [1]

cc ~ C(E q!Jc (5)

(6)

where @C and @SC (in rads) rcspcctivcly  denote the carrier and subcarricr  phase tracking

~rrors,  7 ‘IIC Symbol  timing error, #sU, which affects the output only when there is a symbol

transition, rcduccs  the signal amplitmlc  by 1 --- ‘~]. Ideally, q!!C = #SC == ~)su =- O and (4)

rcducc to the ideal matched filter output vk == {I;dk -{- 71k,  as cxpcctcd.  In writing (4), it

is assumed that the carrier, subcarricr,  and  symbcd loop bandwidths arc much smaller than

the symbol rate SC) that the ph,asse errors ~c, 4)SC,  and @SY can bc modeled as consiant  over

several symbols. ‘1’hroughout  this article, @C is assumed to bc I’ikhonov distributed, and @Se

and @sv arc assumed to bc Gaussian distributed. l~ct PC(q4), PJ#J, and PJ@.y) denote

rcspcctivc]y  the carrier, subcarricr,  ancl symbol phase  error density functions. q’hcn2

[

%ff:yg) 14A s ;
pc((#)c) = “

o otherwise

(7)

where lk (x) denotes the moc]ificd Rcsscl function of order k, and pc is the suppressed carrier

or Costas  loop SNR. Also, pSC(&C)  and p~v(d~y) are given by

(8)

21t is assumed  that the Costas loop locks at zero phassc error. The m lock point can also bc handled by
an appropriate transformation.
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where cr~! and a~y arc the reciprocals of the subcarricr  and symbol loop SNRS,  respectively,

denoted as p~C and p~y. The carrier [8], subcarrier  [8], and symbol [6] loop SNRS are respec-

tively given as

“ W]+-mh)-’ (9)

: ‘-  (:)2#$’(1-l-2,;:,No)-1 (lo)

I’/No
p*v . ,  ——___ (“-f (H;) -  W%cxl’ (-%))2_——  —

(
27r’ W.UB.V ] -1 E* y~

N(I 2 -  %- [+’xl’ (-M “ -  J%w’%1’) “ 1)

where E~/No  =- P7 ‘/N. is the symbol SNI L, crf(.x) I ~z [ cxp (–- v2)dv is the error function ,

and I]C, IIsC, and ll~v  (in 1 Iz) denote W single-sided carrier, subcarricr, and symbol loop

bandwidths, rcspcctivc]  y. ‘J’hc parameters WSC ancl  WSV,  which clcnotc  the subcarricr and

symbol window, arc unit]ess  ancl ]imitccl  to (O, 1].

A ~lscful  cluantity nccclcd to compute clcgraclaticm  and loss is the symbol SNR conditioned

011 (&, ~JsC, and @sv. ‘J’hc conciit,ional  symbol SNR, dcnotccl  by SNR’, is defined {as the square

of the conditional mean of v~ dividccl  by the conditional variance of v~, i .c.,

——. —
where (z/y) denc)t,cs the statistical expectation of x condi tioncx]  on y, ancl v~ ancl a: are

defined earlier.

2.1  Degradation

‘1’hc symbol SNR degradation is dcfincxl  ,as the ratio of the unconditional SNR at the

output of the matched filter in the prcscncc  of imperfect synchronization to the ideal matched
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filter output SNR, ‘l’he unconditional SNR, denoted by SNR, is found by first  averaging (1 2)

over the symbol transition probability, and then over the carrier, subcarrier,  and symbol

phases. ],etting z denotes the average of z, the unconc]itional  SNR is given as

(13)

where the signs] amplitude reduction due to symbol timing errors (averaged over the symbol

transition probability) is denoted C.y, and given as

(14)

Averaging over the phases  yields []]

Icleall  y, when there arc no phtwe errors  (i.e., when p. = p.. = p.y = 03), C~ : C~C z Cfv== 1
——. — .—.. . —. .—.

and (] 3) rcducc  to SNl?idCOl  =- 21 V’/No,  ,%s expected. ‘1’hc dcgradaticm,  1>, for a single

antenna is thus given by

2.2 L o s s

l’or the single rcceivcr shown in l~ig.  2, the Sl~l{, denotcxl  }’s(3;),  is Mined as

(18)



where $(”) is the functional relationship between SIW  and fi, and Pj(E) is the SI?R

concli tioned  on the phase errors q!!c, #-JSC, and @SY. l~ollowing similar steps as in [9], the

conditional SER can be shown to bc

(
–  - - – )  -1-;erfc(&~J~’wJ~ell~~==-)  (20)P:(E) == ~ erfc @NR1 when d~ # d~- ~

where &

– JCrfc(z) = ‘: ~
cxp(-v2)dv = -1-- crf(z) (21)

is the complcmcniary  error function. Substituting (12) for SNR’ in (20) yiclcls

}j(}j) :. +erfc [Rcccsc(]-%’)l-’”+ crfc[l%ccsc] (22)

lclcally,  when there arc no timing errors (i.c,, when pC ❑ pSC =: psv =. cm), CC L CSC =

(1 - ~~:!)=-1  and (] 9) reduce to the W C]] known binary phase shift keyed (B1’SK) error rate,

}’S(E) =“” ;Crfc(fi).

Symbol SNIt loss is defined ,as the additional symbol SNR nccdccl  in the presence of

imperfect syllclllc)llizatioll  to achieve the same S1’;R .as in the prcscncc  of perfect synclmo-

nization, Mathematically, the SN1-t loss duc to imperfect carrier, subcarricr,  and symbol

timing rcfcrcnccs  is given in dll  as

where II(E) is defined in (19). ‘1’hc first term in (23) is the value of llS/No required at a

given value of 1<,(N) in the presence of perfect synchronization whereas the second term is

the value of E~/No required for imperfect syllcllrol~izatic)~l.  Note that loss defined in this way

is a positive number.

3 I’S C Performance

‘J’hc E’SC technic]ue,  depicted in l’ig. 1(a), combines IF signals from multiple antennas

and then demodulates the combined signal  using the sing]c rccciver  described in the previous
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section. ‘1’hc resulting gain is maximized by aligning the IF signals in time and  phase prior

to clcmoclulation  [1]. ‘1’he alignment algorithm for an array of two antennas is shown in Fig.

1 (b). IIcrc  signal 1 is assumccl  to bc delayed by 7 seconds, with respect to signal  2. ‘1’hc IF

signal from mtxnna  2 is first clclayccl by ? seconds, where ? can be the output of the clelay

estimation loop, or it may Lc prcclictcd from the gcomctri  c arrangement of the antennas

and  spacecraft. After dcl ay compensation, both signals arc input  to the phmc  cliffcrcncc

estimator which outputs d21, the csti mate of Ozl, which is the phase of signal 2 relative to

signal 1 at the csti mater input. Subsequcntl  y, signal  2 is phase shifted by an amount equal

to –021, scaled by the weighting factor3 & A fi~~~ [3], and then combinccl  (or added)

with signal 1. Notice in Fig. 1 (b) that t,hc phase estimator filters the 11~ signal such that

on] y the first lJsC harmonics of the 1 h’ spectrum are used for phase estimation. It is shown

later that the accuracy of the estimates depends on })W,, the bandwidth of the banclpass

filter (1]1>1~) ccntcrcd  at 1 F; ? ~, the estimation period; and J,~C, the number of subcarricr

harmonics that pms  the Dl>k’ unfi]tcrcd.

‘J’hc symbol SNR degradation and loss analysis for 11’SC  closely follows the analysis of

the previous section ‘as the combined signal  is demodulated by a single rcccivcr.  As before,

i mpcrfcct  carrier, subcarricr, and  symbol synchronization arc expcctcd  tc) rcducc the symbol

SNlt.  in adclition to thc)sc effects, however, the reduction due to imperfect combining must,

bc accounted for as WC1l.  Assuming that the 11” signals in l’ig. 1 (b) arc perfectly aligned in

time (+ =- T) but misaligned in phase4, the matched filter output for FSC is given by (4)

with the modification that the one-sided noise power spectral density (PSI )) ICVCI lVo is now

equal to the effective onc-sidccl  noise lCVC1 iVoc,, of the combi ncd signal, and the clata power

P is now equal to the combined power P’ conditioned on the phase alignment error. ‘1’hc
—.— —

A31n general, pn ==
r

F& rVQL
P, No.

4 At low data rate such as the Gali]co S-lxmd mision,  the timing  alignment is less critical than the ph~sc
align]  ncnt,.  At high data rates, the timing ali.gnnmnt  is comparable to the phzsc alignment.
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effective one-sided noise 1’S11 level at the matched filter input  is given by [1]

where

(24)

(25)

and where Pn and N&t, denote respective] y the signal power and one-sided nc]ise 1 ‘SD level of

antenna 71. ‘l’able 1 lists the y,] factors5 for several 1 )SN antennas at both S-band and X-band

(8.4 to 8.5 GHz). ‘1’hroughout  this article, the ratio P1/Nol is taken to be the signal power to

one-sided noi sc PSD lcwcl of the rcfcrcncc  antenna which, by convention, is taken to bc the

antenna with the highest gain. Conscqucntlly,  in this article ~f~ < 1. ‘1 ‘able 1 Ii sts the gamma

values for 70- and 34-m antennas assuming the 70-m antenna is the rcfcrcmcc antenna. ‘J ‘he

same table  can be rc-used for an arbitrary rcfcrcmcc  antc]lna  as follows. Consider a threc-

clcment  array consisting of onc high-efficiency (11 TM’) 34-m antenna and two standard (S’1’1))

34-m antennas operating at X-band. JJct tl)c 34-m lIIW  Lc the rcfcrcnce antmma  with VI = -1,

then the 34-m S’J’D antennas have 72 = -y3 =-. O. 13/0.26 = -0.5.

J,ct the phase alignment error between signal  7? and signal  1 bc denoted by A@,zl =:

0,,1 – ~,,1, then the combined signal power conditioned on A~,,l is given as [I]

where

~,,,,, z.- &“@~JTIl  -LMn,l ) (27)

is the complex siglial  reduction function duc to ph,ax misalignment,. To summarize, the

matchccl filter output of FSC is given by (4) after replacing P by P’ ~as given by (26) and

replacing No by NOC,, which is given  by (24).
-—

5 
Deep Space Network/Fl;ghi  Project lnt.erjace ])esign l{andbook,  Document 810-5, Rev. D, vol. I (internal

document), Jet Propulsion 1,aboratory,  Pasaclmat  California, Mociulcs ‘1’CI- 10, lCI-30,  and ‘1’I.h4-10,  1988.
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A useful  quantity needed in later calculations is ‘C,,m. In (27), assuming that the residual

phase error for each antenna pair, Aq!!,,l  for n == ‘2, . . . . J,, to bc Gaussian distributed, with

zero mean and variance a&,l ~, and statistically indcpcndcnt  from A&l for n # m, then it

(28)

where the vari ante of the residual phase error can bc related to the SNR of the correlator as

follows

2 . - _._.!___
‘MI,,]  -

2SNRqt1,f8C
(29)

1 Icrc, SNR,LI  ,j$C denotes corrclator  SNlt [c)r SNI{ of the complex signal & in Fig. 1 (b)], and

is shown in A])pcndix A to cc]ua]

(30)

where l~arr  is L1OC single-si dccl  bandwidth of the IF filter precccding  the corrclator,  7; is the

averaging time of the corrclator,  and .TJSC  is the number of subcarrier  harmonics at the 131’1~

output. N’otjc  that if all the subcarrier harmonics pass unfiltered, then limr,,C-+m  ~~~:1 + =-:
j:odd

2(;)2.

‘1’hc SN R eonditionccl  cm @C, ~~.~, ~~.y, A&l denoted SNRj~C,  is defined as before to be

the square of the conditional mean of v~ divided by the conditional variance of ZJ~, i.e.,

Comparing (31 ) with the single receiver conditional SNlt (12), it is clear that the term inside

the lhrgc  parentheses in (3]) represents the ICSS than  ideal gain that results due to phase

misalignment between the IF signals prior to combining,
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3.1 Degradation

‘1’hc  Fsc sN1i clegraclaiion  is defined as t,hc unconditional] FSC SNR divided by the ideal

SNR. ‘J’he unconditional SNRis found by averaging (31) over thcphascs  4C, dsc, ~sv, and

A@,,l andisgivcnas

—- —
where C’,,,,, is proviclcd  in (28). ‘1 ‘hc quantities L’:, C&, and ~~u arc gi vcn jn (15)-(17) with

the mollification that the 1001J SNJis pC, p,C, ancl p~v presented in (9)-(11) arc now computed

usi n,g the average combined power }J’/Nocj, which is found by averaging (26) over the ph.asc

A@,ll, and dividing by the effective noise lCVC1 in (24), Ideal] y, when there arc no ph,ase
—— .- —.. __ __

errors, C: = C& = C& =.. Cnm, 1‘ 1 aud (32) rcducc to (~$;’  z;=, %). 1 )ividing  (32) by the

ideal FSC SNlt yields the degradation in d] 1, namcl y,

3 . 2  LOSS

‘1 ‘hc FSC Slilt  for an lJ antenna array, denoted l’j.C(lJ),  is defined as

rj.c(h’) =- ] ~ ~;  ~’;sc(J;)[I~c(4c)Isc(dsc)I)s,(@s.)  (fiI~A,r,,(Al,iI,)]{~AdJ~tis,,idscd4c

.

.: —C@ -m-m ?1= 2

(34)

where ~ is the (1. – 1 )-tup]c  intcgml  over the residual phases A@ = (Aq!!21,  . . . . A@(I,_l)l).

Follo\vl&  similar steps as in the single  antenna case, the conditional Slllt bccomcs
——-—. .—— —

I }4/’s, (x’-, -Y:+ x’.., Z%&, 771’Y7,,G,,J— _ _ _ _
NO1 (XL %) ( )]—Cccsc ] -- !&!

71
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‘- +fc[GG=cj ’3 5 )

)J~, EL 7:-1  XL 1~:=1 ‘Yf~7~t~~~l~)

where l;~l /lVol == P17’/No1 is the syrnbcd SNR at antenna 1. 1 dcally, when there arc no phase

cmors, CC == CsC == (1 – u) = C,,,,,=- 1 and (34) rcclucc  to Pj.,(11) = ~crfc (~+&~ for anT

array of 1, antennas of the same size (i .c., when ~,~ =-= 1 for all 7?). ‘l’he symbol SNR loss for

Fsc

~af t cr

4

is given in cl]] as

I.j.c == + – 20 log [f-l (1>..(1;))]  [
[infini~c loop and corrclator SNR]

+ 20 log [f-’ (Pfsc(hy] I [
finilc  loop an(l corrclator SNR]

replacing IL(E) in (23) by ‘Pj~C(E)  givcm in (34).

Numerical Results and Discussion

(36)

All the math in the previous sections recluccs  tc) two equations that

the two me.osurcs  of signal  cpmlity for IWC, symbol SNli degradation

give expression for

given by (33) ancl

symbol SNR loss given by (36). A ftcr reviewing these equations, it is apparent that they arc

primari]  y a function of the various phase error vari anccs. ‘J’hcsc, in turn, arc functions of the

loop bandwiclths,  or the correlation time, and corrc]ation  bandwidth. 1]1 other words, the

cluality  of the cornbi  nccl signal is rcprcscntccl by two ccmlp]icated  expressions W11OSC exact

value varies with multiple varialdcs, ‘J’his article shows the variations of SNR degradation

ant] SNR loss by varying t]]. subcarricr.  and symbol  loop bandwidths, while keeping constant

the carrier loop bandwidth, corrclator  time, and corrcaltion bandwiclt,h.  Furthermore, the

subcarricr and symbol loop bandwidths were set to eclua] each other bccausc in practice,

Lhcsc loops are often opcrat,cd at loop bandwidths that are approximatc]y  the same.

‘J’hc  discussion se.tion  is cliviclccl  into two parts. ‘J’hc first part illustrates the difference

bctwccn  clcgradation  ancl loss. Earlier it was nc)tecl that, in general, clegraclation  is a relative

measure, whereas loss is an absolute measure of systcm performance. In this part it is shown
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that degradation, which is much easier to compute than loss, is equal to loss at low symbol

SNIl,  and can be used to accurately describe absolute systcm  performance in this region.

At high symbol SNR, however, it is shown tkat  clcgraclation  is a lower bound for loss. ‘J’he

second part of the discussion describes the performance of the FSC technique for several

different antenna combinations using the Galileo S-band mission scenario.

4 . 1  D e g r a d a t i o n  v s .  L o s s

‘1’hc FSC performance for an array of two 70-m antennas when the rcccived signal is weak

is shown in Fig-. 3; results for a strong  signal case arc shown in k’ig. 4(a) for I)C = 70 }Iz, and

lrig. 4(b) for lIC == 160 Hz, ‘1’hc carrier bandwidth for the strong signal case was incrcascd

from 701 IZ to 160 }Iz in which cMc,  loss can bc substantially greater than degradation as

the carrier loop SNli bccomcs low. inspection of these figures show that degradation and

loss arc equal (to within 0,01 dl-~) for weak signal lCVCIS,  but degradation is a lower bouncl

for loss at strong signal levels. Consequently, degradation, which in general is a relative

pcr-fcnmmncc measure, can be USCC1 at low s,ymbol ShT1 k ,as an absolute mcasum.  In other

words, at weak signal levels, ShTJt  degradation can bc safcl y regarded ~~ the additional SNR

nccdccl to achicvc a desired S1’;1 L The benefit of using degradation instead of loss at low

synlbol SNRS is the significant savings in computation time.

‘J ‘hc weak and  strong signals arc characterized ,as follows. \Vcak signal: & =: #2 = 15

1 - 400 syrn/see; strong signal: +; =- ~~~ = 32 cWIIZ; RSV,,, =-. $ Z- 4 0 0d13-1 IZ; I?SY,,, = ~; - -

synl/scc.  hlotc that the weak signal’s uncombined SNR, ~~ = ~0~ = ~ -11 dD whereas in the

~ == 6 d]]. For an iclcal s ystcm with  two equal antennas, therestrong signal cassc  $% =.. ~01
.

is a 3-dB arraying gain so that the combined ~ for the weak signal case is -8 dl+l which

corrcsponds~  to SEIt == 0.286942, and the combined ~ in the strong  signal case is 9 d13 for

which the SEl”t == 3.4 x 10-5. ‘J’hc rcccivcr parameters for IWC in the weak signal case arc
— -— —

‘}’(ll)j~~~l  ‘-= ~ (r)~erfc  —#1, for 1. antennas of l.hc same size.o
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assumed to be as follows: Bc == 0.1 IIz, lISC and BSY arc variable, E&.r  U’ 4 kHz, and 7L =

120 seconds. l’he  following parameters apply to the strong  signal  case: lJC == 70 IIz and BC

-._— 1601 lz, BSC and BSY arc variable, Bw, == 4 k] Iz, and Y: == 120 seconds. Furthermore, the

FSC corrclator  is assumed to operate on the fundamental subcarrjcr  harmonics only, i.e., I,s.

=: 1 in (30).

‘J’hc degradation curves for FSC arc found through (33), and the loss curves arc computed

using (36). ‘1’he loss computation is an iterative process that uscs a trial-and-error method as

shown by the following example. Suppose the FSC lOSS  for WScJ~Sc  = WSJ]SV = ~ 2 m~]~ in W

3 is to bc computed. l’irst,  the FSC Sl;lt  is con~putcd7  through (34) with & = -11 dl~. ‘1’hc

resulting SEl”t  is 0.2!3166!33 which is higher that  tllc ideal Sl?li  of 0.286942. ConsccIucntly,

a second computation of (34) is made with +$+ = -] 1 d]] -I A#; . If the rcsu]ting  SER

is 0.286942, then the loss is said to bc A#6.  If the resulting SNI{ is greater or lCSS than

0.286942, then (34) is rcccm~putcd  with different A#~ values until  the SINL througj  (34) is

equal to the ideal SER. ‘]’hc value of A~~ which results in (34) equaling the ideal SNR is by

definition (IIC loss. For this example, A%; or the symbol SNIt  loss was found to bc 0.2 d]’1.

q’his method is clearly more difficult that degradation which is a single computation devoid

of integrals, Ncvcrthcless,  symbol SNR loss gives the absolute performance advantage of an

arraying schcmc while symbol SN1 ~ degradation gives the relative performance advantage.

I’hc loop and corrclator  SNILs USCC1 in obtaining l~ig. 3 and 4 arc shown in g’able 2 and 3

respcctivcl  y. ‘1’hc l~SC loop SNI is arc computed using (9)-(11) using the average combined

power fcmnd by averaging (26) over the residual phase and dividing by the cffcctivc noise

level in (24). h~orcovcr, the corrclator SNlis  for lrSC

‘Note t.llat the S1’Yt in (34) require numerical integration
however, usil]g the mommts twhniqucs &scrihccl  in [10].

were computed using (30).

All approximation to S1’;lt can km clcrivcxl,
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4.2 Galileo S-Band Mission Scenario

The FSC performance for different combinations of 70-m and 34-m antennas is discussed

in this section. Since the Galileo signal is a weak signal, the performance measure used

is degradation, although loss could have also been used ,as dcmonstratccl  in l’ig. 3. As

pointed out in the introduction, the IF signals in I“SC are typically transmitted to central

location before being combined ancl demodulated using a single rcceivcr. IIowcvcr, since

the retransmission channel is bandlimited,  signal  energy may bc lost prior to combining.

‘J’able 4 shows the cncirgy lost as a function of the number of subcamicr  harmonics present

at the ccmt)ral  location (i .c. , at the combiner input). For the Galileo scenario, four subcarricr

harmonics arc present at the combiner input and the energy lost is 0.22 d}).

4.2 .1  Array of ‘.L’wo 70-rn A n t e n n a s :

With that background, considci  first an mray  of two 70-m antennas when the signal

charactcristi  cs and rcccivcr parameters are the same ,1$ those in l’ig. 3 with I?sVT,t = ~ 400

synl/scc.  I“SC performance for the Galileo scenario is obtained by adding 0.22 dIJ to the lJSC

dcgradaticm shown in l“ig. 3. ‘1’hc shifted l“SC curve is plotted in Fig. 5. In addition, l“ig.

5 shows results using the same parameters as in Fig. 3 but now with RSY,, == 200 sym/scc

(combined $: == -5,0 dll). lt is evident that as the combined symbol SN}t increases (from

combined %: =- -8,0 d} 1 to -5.0 d] 3), the degradation corrcspondingl  y decreases, as expcctcd.

For this case, the I“SC clcgradation  ranges from 0.27 cl]) to 0.62 d]] at }t~y,,, =-- 400 sym/scc

and 0,26 d]] to 0.52 dl~ at lt~y~ll  = 200 syn3/see,

4.2,2 Array of One 70-m and One 34-m S!J’D Antennas :

‘1’he performance of a 70-111  and onc 34-m S’1’1) antenna array is shown in l’ig. 6(a) using

the same parameters as in Fig. 3 except  ~; =-- 15 dll-l  Iz and ~; =- 7.3 d}YHz, i.e., 71 == 1

and 72 u 0.17 as shown in ‘1’able 1. l’ig. 6(a) also shows the results at RSY,,l == 200 synl/sec.



For this case, the FSC degradation ranges from 0.36 dll to 0.93 dB at R,V,,,  == 400 sym/sec

and 0.32 d13 to 0.74 clIl at R.sv,,, = 200 sym/sec.

4.2.3 Array of One 70-n~  and Two 34-m S’1’D Antennas :

ltcsult for an array of onc 70-nl and two 34-m antennas is shown in Fig. 6(b) at the

symbol rate of 200 and 400 sym/scc.  I~or this case, the FSC degradation ranges from 0.37

dll to 0.88 d13 at R.v,,,  = 400 sym/scc and 0.34 d]] to 0.72 dIl at Rsu,,l =- 200 syn~/scc.

4.2.4 Array of One 70-nl ancl Three 34-m ST]>  A n t e n n a s :

]tcsult for an array of one 70-m and three 34-m antennas is shown in Fig. ti(c) at the

symbol rate of 200 and 400 sym/scc.  For this case, the FSC degradation ranges from 0.38

cl]] to 0.84 dl~ at R.U,,, == 400 sym/scc  and 0.36 dl~ to 0.70 d]) at R.Y,,,  = -200 sym/scc.

4.2.5 Array of Four 34-nl  ST]>  A n t e n n a s :

Result for an array of four 34-111 antcnn(ass  is shown in l“ig. G(d) for l?.g,,, = 50 synl/scc

ancl R.g,)t = 25 syn]/scc  both with DC~. z ~ 400 1 IZ4 l“or this case, the l$SC degradation

ra,ngcs from 0.39 d] -1 to 0.8 dl~ at Rsy!jl =- 400 sym/scc  and 0.37 dll to 0,71 d]] at R.Y,lL ==

200 sym/scc.

5 Conclusion

FSC is onc of the arraying tcchni quc Lcing  consi dcrcd for the Gal ilco spacecraft’s upcoming

cncomtcr with Jupiter. 1 ‘art 1 of this article dcscribcd  the performance of FSC tcchniquc

in tcrrns  of symbol SNlt degradation and symbol Shlli  loss. It WM shown that degradation

and loss were approximately equal at low values of symbol ShTlt, but clivcrge  at high SNR

values. IIence,  missions such as the G alilco  S-band mission where symbol SNR is very low,

degradation rather than loss can be used to accurately describe system performance.



For the following arrays - two 70-m antcmms,  onc 70-nl and one 34-m antennas, one 70-m

and two 34-m antennas, and one 70-nl and three 34-m antennas - it is shown that the FSC

degradation at a symbol rate of 400 synl/see, can vary from 0.27 dl~ to 0.62 cHJ, 0.36 dl~

tO 0.93 dr~, 0.37 dIl to 0.88 d13, and  0.38 dl~ to 0.84 dl~ rcspcctivcly  for W.&,C == W~y~~,y

ranging from 0.01 to 10 ml Iz. At the symbol rate of 200 synl/see, on the other hand, the

FSC clcgradation  can vary from 0.26 cll~ to 0,!52 dB, 0.32 cll~ to 0.74 dIl,  0,34 d}] to 0.72

d] 1, and 0.36 d13 to 0.70 dD, rcspcctivel y. Moreover, for an array of four 34-m antennas, the

l~SC degradation can vary from 0.39 to 0.8 at the symbol rate of 50 sym/scc and from 0.37

to 0.71 at the symbol rate of 25 synl/scc.
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Appendix A

A.1 Derivation of (30)

The performance of the FSC corrclator  is dcrivccl  here for tAe general case when the

total  power is clivided  between the data as WC)] as the carrier. once the general corrclator

SNR is derived, it will bc simplified for the Galileo case which operates with the carrier

fully supprcssecl. As shown in l’ig. 1 (b), the combining at 11~ requires both delay ancl phase

adjustments in order  to cohcrcnt]y  add the signals. IIcrc,  perfect knowledge of the time

delay is assumed and cmly  phase compensation is rcq~lired before adding  the IF signals. ‘1’hc

11” signal at antenna n [denoted by the doub]c lines in h’ig. 1 (b)] consists of an inphasc  (1)

and c~uadraturc (Q) component given as r,,](t) and ~tlQ (t) rcspcctivcl  y

r,,~(t) =- ~ (2}% Cos Wet i oat) – @;d(t)sqr(k&i  -1 0.,,,  ) sin(tict -1 oat) -1 n,t~(i) (A.])

—
T,,Q (t) =” @c sin (tit’~ ~c,l) ‘1 @t,d(f)Sqr(us.L -1 O.G,) cos(w.t  -1 Oc,,) -1 7b,Q(~) (A.z)

where the total power P in Watts (W) is divided bctwccn the rcsi dual carrier and data by

controlling the moclu]ation  index, A. Specifically, the carrier power PC == P CO S
2 A and the

c~ata powcr~  1)~ =-: 1> sin2 A. Also, 71,,1 (t,) aIId ??,,Q(t) arc statistically inclcpcndcnt with a flat

onc-siclcd  l}S1 ) ICVC1 equal to No W/l IZ, and al 1 other relevant parameters arc clcfincd in the

mai ]] text. ‘1’hc square-wave subcarricr  defined above can bc cxprcssccl  as follows

(A.3)

j:~dd

where I,.C, the number of subcarricr  harmonics, is infinite. As shown in Fig. 1 (b), the IF

signal from antenna I and n arc first bandpass  fil tcrcd  with single-sided bandwidth BCW.,

and then complex ccmrelatcd. ‘J’he output of the corrclatiou,  clcnotcd  as 2, is a complex

signal consisting of a rca] (I) and imaginary (Q) component, i.c,,

j,. ].l-jQ (A.4)

81Jor the Galileo case,  A.:f)o  ckgrecs  so that l’C.. O ancl l’::=1~.

19



J;2(I)  -I- E2(Q)——.—. .——...
vm(l) -1- VW(Q) (A.5)

where the notation x rcprcscnts  the complex conjugate operation. Following the correlation,

an averaging opcrat,ion  over l; seconds is performed to rcducc  the noise effect. In that

period, N = -213cwrl L il~dcpcl~dcl]t  samples arc used to reduce  the variance by a factor of N.

‘1’hc SNR at i, denoted as SNR7,1 ,j~,, is thus given by

SNli,Ll,j,C  z SNI<LI , ~SCN

. ,t,,j.c(2&.r7:)SN1( (A.6)

For the general case of any I,SC, the corrclator  SNR using (A .5) can be shown to as

where l~tir is assumed to be sufficiently wide to pass l,~c subcarrier  harmonic unfiltmrcd.

‘1’hc corrc]ator  SNI\  at the output of the accumulator can now bc derived by using (A.6);

and, after simplification, bccomcs

(Tc 2** + 2(92 ‘%;K*-(z!:~$;)2)-’ ‘($)’%%
SNli,,l  L - - — - — - — — — — – — —  - - - - -  — b;=~d(+)2)2)  ‘

#o:  -l ~,,
‘ 1 ”  +  ~(+)2(#+  ‘1 ~~”)(~~;:d  (&-)  +  ‘Jcorr

(A.8)

l“or A== 90 clegrces,  (A,8) reduced to (30). in addition, setting A= O dcgrccs in (A.8) results

in the same expression for the corrclator  SNIL as that given in [1].
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Figure 2. A general coherent receiver model.

Table 1. Gamma factors for DSN antennas

Antenna Frequency
size Band ‘Yi

70 m S-band 1.00
34 m STD S-band 0.17
34 m HEF S-band 0.07

70 m X-band 1.00
34 m STD X-band 0.13
34 m HEF X-band 0.26
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Figure3.  Degradation andloss  vssubcarrier  and
symbol window-loop bandwidth for SER = 0.286942

Table 2. FSC loop SNRS for SER == 0.286942

Wc%.c=  WY%)
(mHz)

0.01
0.1
0.3
0.5
0.7
0.9
2.0
4.0
6,0
8.0
10.0

Carrier Subcarrier
Loop SNR Loop SNR

(dB) (dB)
21.8 57.9
21.8 47.9
21.8 43.1
21.8 40.9
21.8 39.4
21.8 38.3
21.8 34.9
21.8 31.8
21.8 30.1
21.8 28.8
21.8 27.9

Symbol
Loop SNR

(dB)
46.0 -

36.0
31.3
29.0
27.6
26.5
23.0
20.0
18.2
17.0
16.0

Correlator
SNR
(dB)

15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
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Figure 4a. Degradation and loss vs subcarrier
“and symbo~window-loop  bandwidth for

SER = 3.4e-5 at Bc = 70 Hz

10”2 10-’ 10° 10’ 1 02

I
103

W.C %C = WSY BSy  (m Hz)

Figure 4b. Degradation and loss vs subcarrier
and symbol window-loop bandwidth for

SER = 3,4e-5 at Bc = 160 Hz

Table 3. FSC loop SNRS for SER = 3.4e-5

VkJ%.c  = Wy%y
Carrier Loop SNR Subcarrier’ Symbol Correlator

(mHz) ~
(dB) Loop SNR Loop SNR SNR

~=160Hz Bc. 70 Hz (dB) (dB) (dB)

0.01 12.7 16.3 80.8 72,1 47.8
0.1 12.7 16.3 70.8 62.1 47.8
1.0 12.7 16.3 60.8 52,1 47.8
10.0 12,7 16.3 50.8 42,1 47.8
100.0 12.7 16.3 40.8 32.1 47.8
1000.0 12,7 16.3 30.8 22,1 47.8

—
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Figure 5. Practical FSC degradation vs
subcarrier  and symbol window-loop bandwidth

Table 4. Number of subcarrier  harmonics vs loss in energy

1

‘ 1

0.91
2 0.45
3 0.30
4 0.22
5 0.18
6 0.15
7 0.13
8 0.11
9 0.10
10 0.07
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